I investigate how the entanglement properties of a two-mode squeezed vacuum state (TMSVS) can be enhanced by operating quantum-optical catalysis, proposed by Lovvky and Mlynek [Phys. Rev. Lett. 88, 250404 (2002)], on each mode. I show that the degree of entanglement, the Eistein-PodolskyRosen-type correlation, and the performance of quantum teleportation can be all enhanced for the output state when the appropriate quantum-optical catalysis is applied to a TMSVS. It is found that all the enhancements are happened in the small-squeezing and small-catalysis parameter regime.
I. INTRODUCTION
Entangled resources are useful in quantum information processing, such as quantum teleportation [1] , metrology [2] and communications [3] .
In the continuous-variable (CV) regime, two-mode Gaussian entangled states, such as two-mode squeezed vacuum states (TMSVSs), are typically employed as entangled resources [4] [5] [6] . However, theoretical investigations have shown that Gaussian entangled resources have some restrictions [7, 8] . For example, entanglement distillation from two Gaussian entangled state is impossible by Gaussian local operations and classical communication [9, 10] . Therefore, it is desirable to seek non-Gaussian entangled resources and operations which can be more efficient in the quantum information processing. In recent years, some entanglement criteria beyond the Gaussian regime, including all orders of EPR correlations, have been proposed [11, 12] . Moreover, it has been shown that non-Gaussian two-mode entangled states provide the benefits of enhancing the entanglement [13] [14] [15] [16] .
Previously, the effect of entanglement has been theoretically analyzed based on the merit of concrete protocol, such as the degree of entanglement, the EPR correlation and the fidelity of teleportation [13, 14] . In fact, it was shown that the performance of every protocol was improved, implying that the entanglement of a nonGaussian state must be enhanced [12] . In recent years, many schemes of generating two-mode non-Gaussian entangled states have been proposed. Among these schemes, performing non-Gaussian operation on a twomode Gaussian state is one possible approach to generate non-Gaussian entangled resources [17, 18] . These typical non-Gaussian operations include the elementary operations (i.e. photon addition a † , b † and subtraction a, b) and their sequential operations (e.g. ab, a † b † ) [19, 20] as well as their coherent superposition (e.g. a †2 + b †2 ) [21] . Recently, for implement multiple photon addition and subtraction on both modes of the TMSVS, NavarreteBenlloch et al [15] demonstrate that the entanglement generally increases with the number of such operations. On the other hand, one can generate non-Gaussian entangled resources by means of linear or nonlinear quantum optical system [22] [23] [24] . The systems generally consist of beam splitting, phase shifting, squeezing, displacement, and various detection.
About two decades ago, the concept of "conditional measurement" was proposed by Dakna et al [25] . They generate a Schrodinger-cat-like state by using a simple beam-splitter (BS) scheme for a conditional measurement. Following Dakna's idea of conditional measurement, many schemes have been proposed to prepare quantum states [26] [27] [28] . Among these works, the typical proposal is the quantum-optical catalysis, proposed by Lovvky and Mlynek [29] . They generated a coherent superposition state t |0 + α |1 by conditional measurement on a BS. This state was generated in one of the BS output channels if a coherent state |α and a singlephoton Fock state |1 are present in two input ports and a single photon is registered in the other BS output. They call this transformation "quantum-optical catalysis" because the single photon itself remains unaffected but facilitate the conversion of the target ensemble. Recently, Bartley et. al. [30] perform quantum-optical catalysis to generate multiphoton nonclassical states, which creat a wide range of nonclassical phenomena. Since performing quantum-optical catalysis on a single-mode Gaussian state can enhance nonclassicality of the given state, one can ask if it is possible to enhance entanglement of a two-mode Gaussian state via quantum-optical catalysis. To my knowledge, this problem has not been perviously addressed.
In this paper, I propose a novel scheme to generate a two-mode non-Gaussian entangled state. This state is generated by operating quantum-optical catalysis on each mode of a TMSVS. I investigate the entanglement properties (the degree of entanglement and EPR correlation) and the quantum teleportation fidelity for the state I produce. I show that when ideal quantum-optical catal- ysis is used, the input Gaussian state can be transformed into a non-Gaussian state with higher entanglement.
The paper is organized as follows. In section II, I begin with the generation of a non-Gaussian two-mode entangled state by operating quantum-optical catalysis from a two-mode squeezed vacuum state (TMSVS) and derive its normalization factor (i.e. success probability), which is important to discussing quantum properties. In section III, I investigate the entanglement properties (degree of entanglement and EPR correlation) of the non-Gaussian state and analyze the effect of the local quantum-optical catalysis. Then I consider the non-Gaussian entangled state as entangled resource to teleport a coherent state in section IV. The main results are summarized in Sec.V.
II. TWO-MODE NON-GAUSSIAN ENTANGLED STATE BY LOCAL QUANTUM-OPTICAL CATALYSIS
In this section, I apply quantum-optical catalysis to prepare a new two-mode non-Guassian quantum state. The theoretical scheme is proposed and the success probability is derived.
A. Theoretical scheme
The basic idea on the quantum-optical catalysis was introduced in Ref. [29] . The conceptual schematic is shown in figure 1 . If an input state ρ in and a single-photon Fock state |1 are present in the two input ports of the BS and a single photon |1 is registered in one BS output port, then a catalyzed state ρ c can be generated in the other BS output channel.
My scheme is depicted in Fig.2 . Theoretically, the input TMSVS |ψ 0 ab is obtained by applying the unitary operator S 2 (r) on the two-mode vacuum |0 a , 0 b , i.e.
where S 2 (r) = exp r a † b † − ab is the two-mode squeezed operator and the values of r determines the degree of squeezing. The larger r, the more the state is squeezed. In particularly, when r = 0, |ψ 0 ab reduces to |0 a , 0 b . Enlighten by the idea of quantum-optical catalysis, I prepare a new state from the TMSVS |ψ 0 ab by operating quantum-optical catalysis on each mode. Then the prepared state ψ LQC ab is given by 
with a certain ratio. Note that the coefficients c 0 , c 1 , c 2 and λ are all the functions of the input squeezing parameter r and the transmissivity t 1 , t 2 of the BSs. Meanwhile, this state can also be looked as a non-Gaussian state by operating coherent superposition operator c 0 + c 1 a
on S 2 (λ) |0 a , 0 b . So I conclude that local quantumoptical catalysis operation plays the role of preparing the non-Gaussian entangled states. In the limit of t 1 = t 2 = 1, ψ LQC ab → |ψ 0 ab , i.e. the output state is just the input one. While at least one of t 1 , t 2 is zero, leading to 
B. Success probability of detection
Normalization is important for discussing the properties of a quantum state. The normalization factor of the LQC-TMSVS is actually the probability p cd of detecting successfully single photon at the modes c and d. The density operator of the LQC-TMSVS ρ LQC = ψ LQC ab ψ LQC is expressed in Appendix B. According to Tr ρ LQC = 1, the success probability to get ψ LQC ab from my proposal is given by
with p 0 = cosh 10 λ/ cosh 2 r and In fig.3 , I plot the distribution of the success probability p cd in (T 1 , T 2 ) space for r = 0.5 and in (r, T ) space for the symmetric catalysis T 1 = T 2 = T . The maximin success probability is 1 for the limit case of
III. ENTANGLEMENT PROPERTIES
In contrast with the input TMSVS, can the local quantum-optical catalysis be useful to enhance the entanglement properties? If possible, then how can I adjust the catalysis parameters in the process of preparing the LQC-TMSVS? In this section, I shall discuss the entanglement properties of the LQC-TMSVS quantified by the von Neumann entropy and the EPR correlation.
A. Degree of entanglement
Entanglement for a pure state in Schmidt form, |ψ ab = n ω n |α n a |β n b (ω n real positive) with the orthonormal states |α n a and |β n b , is quantified by the partial von Neumann entropy of the reduced density operator
where the local state is given by ρ a = Tr b (|ψ ab ψ|) [31] . The LQC-TMSVS ψ LQC ab written in Schmidt form yields
where the Schmidt coefficient is given by
(9) The entanglement amount of the LQC-TMSVS E ψ LQC ab can be evaluated numerically by these Schmidt coefficients, as shown in Fig. 4 .
In the limit cases, when at least one of t 1 , t 2 is zero, the output state corresponding to |1 a , 1 b is separate, E = 0. While t 1 = t 2 = 1, leading to ω 2 n = tanh 2n r/ cosh 2 r, the output state is just the TMSVS (the input state), whose amount of entanglement is analytically given by [32, 33] 
In order to understand whether the entanglement is enhanced by local quantum-optical catalysis, I compare the von Neumann entropy values between the LQCTMSVSs and the TMSVSs. If E ψ LQC ab > E (|ψ 0 ab ), then the entanglement is enhanced in principle, else it is weaken.
There are three feasibility regions having E ψ LQC ab > E (|ψ 0 ab ), as show in Fig.5 . One region is located in the small-catalysis parameter space, i.e. T 1 , T 2 ∈ (0, 0.5), the other two ones are located in one-small-one-large-catalysis parameter space, i.e. T 1 ∈ (0, 0.5) but T 2 ∈ (0.5, 1) or T 2 ∈ (0, 0.5) but T 1 ∈ (0.5, 1). Three sections of Fig.5 with r = 0.02, 0.2, 0.7 is reshaped in Fig.6 . With increasing the input parameter r, the enhancement region decrease and disappear at threshold r = 0.785, as shown in Fig.6 . However, among the three regions in each figure, the true enhancing feasibility only happen in the small-squeezing (0 < r < 0.785) and small-catalysis parameter (T 1 , T 2 ∈ (0, 0.5)) regime. For example, when r = 0.2, T 1 = 0.1, T 2 = 0.15, E (|ψ 0 ab ) = 0.247116, E ψ LQC ab = 1.03826,the enhancement is true. However, the other two regions (one-small-one-large-catalysis) are actually the pseudo enhancement, because of the indetermination of E ψ LQC ab . For example, when r = 0.2, T 1 = 0.1,
is indeterminate in my numerical calculation, so the enhancement is pseudo or can't judge.
Next I discuss the symmetric catalysis case, i.e. assuming T = T 1 = T 2 . The feasibility region for enhancing the entanglement is depicted in the (r, T ) plain space in Fig.7 . The enhancement is happened in small-squeezing (0 < r < 0.785) and small-catalysis (0 < T < 0.25) regime. In Obviously, for r = 0.2, the enhancement of entanglement will be happened in a certain catalysis range (about (0.03, 0.23)) (see Fig.8 (b) ). But above threshold value r = 0.785, the enhancement is impossible, as shown in Fig.8 (d) for r = 0.9.
From above discussion, we conclude that the degree of entanglement measured by the von Neumann entropy turns out to be enhanced only in the small-squeezing and small-catalysis parameter space. 
B. Second-order Einstein-Podolsky-Rosen correlation
For two-mode Gaussian entangled states, entanglement can be fully described by the second-order EisteinPodolsky-Rosen (EPR) correlation, which is characterized up to second-order moments of the state [34] [35] [36] . While for two-mode non-Gaussian entangled states, however, entanglement is fully described with all orders of moments [37, 38] . It is known to all that a TMSVS (Gaussian) is the correlated state of two field modes a and b (signal and idle) that can be generated by a nonlinear medium [39] . But after operating local local quantum-optical catalysis on the TMSVS, how is the EPR correlation change? Here I further investigate the EPR correlation, another entanglement properties for the LQC-TMSVS.
The EPR correlation of two-mode states is the total variance of a pair of EPR-like operators,
where
For separable two-mode states or any classical two-mode states, the total variance is larger than or equal to 2 [34] . The condition EPR < 2, indicates quantum entanglement, which can be an important resource in continuous variable quantum information processing protocols. Given a LQC-TMSVS, one can evaluate the EPR correlation with the expectation values in Eq. (11) 
+y 4 tanh 4 r + y 5 tanh 5 r + y 6 tanh 6 r +y 7 tanh 7 r + y 8 tanh 8 r + y 9 tanh 9 r), (13) as well as
where I have set x i s, y i s, z i s in Appendix E and
Upon substituting above equations into Eq.(11), the EPR correlation of the LQC-TMSVS EPR ψ LQC ab can be calculated explicitly, which depends the input squeezing degree r and the catalysis parameters T 1 , T 2 . In the limit of T 1 = T 2 = 1, EPR ψ LQC ab reduces to EPR (|ψ 0 ab ) = 2e −2r , which tends to zero asymptotically for r → ∞. In Fig.9 , we plot the EPR correlation of the LQC-TMSVS in (T 1 , T 2 ) space for r = 0.5 and in (r, T ) space under the condition EPR < 2. One can see that there exists a threshold curve (boundary of EPR = 2) as a function of T 1 and T 2 for r = 0.5 in Fig.9(a) and as a function of λ and T in Fig.9(b) , respectively.
To exhibit whether the EPR correlation is enhanced, the fact that EPR ψ LQC ab must be smaller than EPR (|ψ 0 ab ) must be hold. The feasibility enhancement region of the EPR correlation is shown in Fig.10 . Three sections of Fig.10 are shown in Fig.11 . Obviously, the enhancement is happened only in one region with smallsqueezing and small-catalysis, unlike that of the degree of entanglement in Fig.5 and Fig.6 . Moreover, with increasing the input parameter r, the enhancement region decrease and disappear at threshold r = 0.585. The feasibility region for enhancing the EPR correlation is depicted in the (r, T ) plain space in Fig.12 . For a small-squeezing (0 < r < 0.585) and small-catalysis (0 < T < 0.3), the quantum-optical catalysis enhance the EPR correlation of the TMSVS (see Fig.2 ). In Fig.13 I plot the EPR correlation of the LQC-TMSVS as a function of r or T . In general, the EPR correlation of the TMSVS is enhanced with the squeezing parameter r, but it may not be always true for the case of T = 0.1, as shown in Fig.13 (a) . I particulary compare the EPR correlation of the LQC-TMSVS with that of the TMSVS for the cases r = 0.2, 0.585, 0.7 in Fig.13 (b)-(d) . For a modern catalysis parameter 0.12 < T < 0.3, the catalysis operation gives the better EPR correlation for r = 0.2, where a rather large squeezing r > 0.585, the quantum-optical catalysis becomes the worse operation.
IV. QUANTUM TELEPORTATION USING NON-GAUSSIAN ENTANGLED STATE
After employing local quantum-optical catalysis on the TMSVS, I can see that the degree of entanglement and the EPR correlation can be enhanced in small-squeezing and small-catalysis parameter regime. Now I consider the LQC-TMSVS as entangled resources in the Braunstein and Kimble (BK) protocol [1] to teleport a coherent state |γ in CV teleportation. The fidelity between an input state and the output state is usually used as a measure to describe the quality of the quantum teleportation (QT).
For a CV system, a teleportation scheme has been proposed according to the characteristic functions (CFs) of the quantum states concluding input, source and teleported states [40] . For the input coherent state, it is sufficient to calculate the teleportation fidelity for a particular input coherent state since there is no difference between the amplitudes of the input and output coherent states in the BK protocol. For brevity I take γ = 0, and then I only calculate the fidelity of teleporting the input vacuum state with the CF χ in (z) = exp[−|z| 2 /2]. The CF of the LQC-TMSVS (entangled resource or channel) ψ LQC ab is given by
where 
Thus F yields
where In the limit case of t F (|ψ 0 ab ) = (1 + tanh r)/2, which is 0.5 for r = 0 and tends to 1 asymptotically for r → ∞. In Fig.14 , we show the fidelity of teleportating a coherent state using the resource (LQC-TMSVS) in (T 1 , T 2 ) space for r = 0.5 and in (r, T ) space. The red line denotes the boundary with F = 0.5. The fidelity over the classical limit 0.5 may be considered as a successful quantum protocol [42] .
Similar analysis of the teleportation fidelity are performed like that of the degree of entanglement and the EPR correlation in Sec. III. In Fig.15, I plot the feasibility region for enhancing teleportation fidelity of a coherent state with the LQC-TMSVS, that is F ψ LQC ab > F (|ψ 0 ab ), in (r, T 1 , T 2 ) space. Figures of Fig.16 are three sections of Fig.15 with r = 002, 0.2, 0.5. In Fig.17 , I display the feasibility region in (r, T ) space for enhancing teleportation fidelity of a coherent state using the LQC-TMSVS. The teleportation fidelity as a function of r or T are plotted in Fig.18 . Compared with the TMSVS as the entangled resource, the enhancement of the teleportation fidelity is found in the range of 0 < r < 0.6 and 0 < T < 0.27. All these figures indicate that local quantum-optical catalysis can enhance the teleportation fidelity at the small-squeezing and small-catalysis parameter regime.
V. DISCUSSION AND CONCLUSION
Interesting, by comparing the figures of the degree of entanglement (orange), the EPR correlation (green) and the teleportation fidelity (red) of the LQC-TMSVS in Figs.5,10,15 and Figs.7,12,17 , I see that these enhancement regions do not overlap completely and locate in different input and catalysis parameter intervals. Taking the symmetric catalysis as example, the enhancement regions are different as (i) 0 < r < 0.785 and 0 < T < 0.25 for the degree of entanglement (ii) 0 < r < 0.585 and 0 < T < 0.3 for the EPR correlation; (iii) 0 < r < 0.6 and 0 < T < 0.27 for the teleportation fidelity. I fur- If r is lager than a threshold value 0.6, the enhancement is impossible.
ther reshape each two of the three plots (Figs.7,12,17) in the same graph, as shown in Fig.19 . The conclusions are concluded by answering the question of 'If A is enhanced, then B must be enhanced?', as demonstrated in Table I . For instance, there exists a parameter region where no EPR correlation enhancement, nevertheless, the fidelity enhancement is achieved (see the red area in Fig.19 (f) ), so my answer is 'no'. Meanwhile it is found that all the enhancements have the common regions, i.e. the small-squeezing (0 < r < 0.585) and small-catalysis (0 < T < 0.25 or 0 < T 1 , T 2 < 0.5) regime, as shown in Fig.20 . All these results may thus carry a practical significance. In summary, I have proposed an optical scheme to The illustration is explained in Table I . preparing a non-Gaussian two-mode quantum state, i.e. the LQC-TMSVS. In fact, for a fair comparison between the LQC-TMSVS and the TMSVS, I have shown that the local quantum-optical catalysis can enhance the entanglement properties including the degree of entanglement, the EPR correlation, and the quantum teleportation fidelity by adjusting appropriate catalysis parameter. The present study can be further pursued to include other two-mode input states than the TMSVS and quantum-optical catalysis on each mode. In view of the quantum-optical catalysis, my proposal can provide a potential and practical advantage for various quantum information tasks, such as quantum metrology and quantum computation. where I have set
with
Appendix E:. the expressions of x i s, y i s, z i s
Here I list the expressions of x i s, y i s, z i s as follow 
